on behalf of the German Competence Network Heart Failure Recently, missense mutations in titin-associated proteins have been linked to the pathogenesis of dilated cardiomyopathy (DCM). The objective of this study was to search for novel disease-associated mutations in the two human titin-binding proteins myopalladin and its amino-terminal-interacting partner cardiac ankyrin-repeat protein (CARP). In a cohort of 255 cases with familial and sporadic DCM, we analyzed the coding regions and all corresponding intron flanks located in the MYPN and CARPencoding ANKRD1 gene. Two heterozygous missense mutations were detected in the MYPN gene (p.R955W and p.P961L), but neither of these mutations was found in 300 healthy controls. Both mutations were located in the a-actinin-binding region of myopalladin. Endomyocardial biopsies from the p.R955W carrier showed normal subcellular localization of myopalladin and a-actinin in cardiac myocytes, while their regular sarcomeric staining pattern was significantly disrupted in the p.P961L carrier, indicating that disturbed myofibrillogenesis and altered sarcomere assembly are the cause of the disease. In the ANKRD1 gene, we identified synonymous base exchanges (c.108T4C and c.-79C4T, respectively), but no non-synonymous mutations. In summary, we have identified novel missense mutations in the third immunoglobulin-like domain of myopalladin, which have either no or profound effects on the molecular composition of the sarcomere. According to our epidemiological data, the prevalence of ANKRD1 mutations seems to be lower than that of its binding partner myopalladin, indicating the clinical significance of myopalladin for the functional integrity of the sarcomeric apparatus and the protection against DCM.
INTRODUCTION
Many efforts made towards the understanding of the pathophysiology of dilated cardiomyopathy (DCM) have been devoted to the identification of novel disease-causing mutations. Epidemiological studies addressing the prevalence of gene mutations in DCM patients have demonstrated that inherited forms account for at least one-third of all DCM cases. [1] [2] [3] [4] Familial cases frequently show a monogenic origin, and transmission indicates autosomal dominant or X-linked inheritance pattern with incomplete and age-dependent penetrance. 3 To date, positional cloning and candidate gene screening have led to the identification of numerous heterozygous mutations in more than 40 different genes, most of which encode proteins important for the structural integrity and function of cardiomyocytes, such as regulatory proteins of the sarcomere, the nuclear envelope or intracellular homeostasis. 1, 2, 5 In particular, defects in proteins required for force transduction and force transmission of the sarcomeric apparatus seem to promote the development of DCM.
Titin and several titin-interacting proteins have been involved in the mechanical stretch response of myofibrils in striated muscle. The giant protein titin, also known as connectin, has a key role in maintaining the structural integrity and elasticity of the sarcomere architecture, permitting the muscle cell to stretch and then return to its resting length with no disruption in sarcomeric organization. It functions as a molecular scaffold for anchoring a-actinin in the Z-disk, and there is growing evidence that titin is linked to several signaling pathways. Titin and its 145-kDa interacting partner myopalladin located in the sarcomeric Z-band both bind to cardiac ankyrin-repeat protein (CARP), an early differentiation marker of cardiac myogenesis expressed during embryonic and fetal heart development and in end-stage heart failure in the adult heart. [6] [7] [8] [9] CARP is localized in the cytoplasm in the sarcomeric I-region through its interaction with the N2A domain of titin and the N-terminal domain of myopalladin. In addition, CARP was detected in the nucleus, where it functions as a transcriptional regulator involved in gene expression. 8 This nucleocytoplasmic distribution supports the hypothesis that CARP shuttles between the cytosolic and nuclear compartment to directly transmit titin filament-based strain signals into transcriptional responses. 7, 10 Similar to CARP, myopalladin has also been detected in the nucleus; however, it is unclear whether it shuttles in a complex with CARP or via different translocation pathways. 8, 11 Yeast twohybrid screens have mapped the a-actinin-binding site to the carboxy-terminal region of myopalladin, which encompasses the third to the fifth immunoglobulin-like domains. 11 Recently, mutations in the myopalladin-encoding MYPN and the CARP-encoding ANKRD1 gene (also termed ankyrin-repeat domain 1-encoded cardiac adriamycin responsive protein) have been reported in patients with DCM. 3, [12] [13] [14] [15] As titin-binding proteins have been proposed to link mechanical load sensing in sarcomeres to myocardial gene expression, we extended the search for novel point mutations in a heterogeneous, but clinically well-characterized cohort of familial and sporadic DCM cases. Based on a mutational screening approach, we here present additional genetic variants identified in the two titinassociated proteins, which were thought to be most probably disease causing.
PATIENTS AND METHODS

Clinical evaluation
A total of 255 unrelated, consecutive patients with DCM were included in this study. All study participants had been referred to the Department of Cardiology at the University of Marburg for clinical assessment of heart failure symptoms. The diagnosis of DCM was based on accurate medical history, physical examination, blood sampling, chest X-ray, 12-lead electrocardiography, and transthoracic M-mode, two-dimensional and Doppler echocardiography. Holter-ECG and serum creatine kinase levels were obtained when possible. In each patient, heart catheterization was routinely performed for angiographical exclusion of coronary artery disease and, in the same procedure, endomyocardial biopsies were obtained for histological examination. Patients were considered eligible for the study, if, in the absence of secondary causes of heart failure, the echocardiographically measured leftventricular ejection fraction (LVEF) was o45% and/or the left-ventricular end-diastolic diameter (LVEDD) was 4117% of the expected value. Patients were classified as familial cases according to the guidelines of the Collaborative Research Group of the European Human and Capital Mobility Project on Familial Dilated Cardiomyopathy if at least two first-degree relatives in the same family were affected by heart failure. 16 Cases were considered sporadic if no evidence of familial disease was observed or when no relatives could be clinically evaluated. Patients who fulfilled the diagnostic criteria for DCM were invited to participate in the study and written informed consent was acquired. Pharmacotherapy of heart failure included angiotensin-converting enzyme inhibitors or angiotensin-II type-1 receptor blockers, beta blockers, aldosterone receptor antagonists, and cardiac glycosides according to the guideline of the European Society of Cardiology. 17, 18 An independent control sample (n ¼ 300) consisted of blood donors from the local Blood Transfusion Service who came from the same geographical area as the DCM study cohort. All control subjects were free of disease symptoms, as judged by detailed medical examination. From each study participant, blood samples were obtained in EDTA anticoagulant-containing tubes. Genomic DNA was isolated from blood cells and stored at À80 1C until further use. All study subjects gave their signed informed consent for genotyping and detailed prospective phenotyping. The study protocol conforms to the principles outlined in the Declaration of Helsinki and was approved by the German Heart Failure Network and the local Ethics Committee.
Mutation analysis
Genomic desoxyribonucleic acid was isolated from peripheral white blood cells of all subjects using a DNA isolation kit (QIAamp DNA Blood Mini kit from Qiagen, Hilden, Germany) according to the manufacturer's instruction. To amplify DNA fragments from each exon, including the flanking intron sequences, PCRs were performed in a total volume of 25 ml, including 10 Â PCR buffer, 1.5 mM MgCl 2 , 0.15mM of each dNTP, 0.5 mM of each specific primer pair, 100 ng of genomic DNA and 1 U of Taq DNA polymerase. The PCR conditions were 95 1C for 5 min, followed by 35 cycles of denaturation at 95 1C for 30 s, annealing at 60-62 1C for 30 s, and extension at 72 1C for 45 s with a final elongation step at 72 1C for 7 min. Primers were designed on the basis of the GenBank sequence database provided by the National Center for Biotechnology Information (NM_032578 for MYPN and NM_014391 for ANKRD1, respectively) using the Primer3 software (SourceForge, Mountain View, CA, USA). The sequences of oligonucleotides used in this study are listed in Table 1 . Table 1 Primer pairs used in the study for amplifying coding sequences from the MYPN and ANKRD1 gene, respectively
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Genotyping for the MYPN gene was carried out by denatured gradient gel electrophoresis using a 20-60% urea/formamide gradient in 8% acrylamide, 0.5 Â Tris/acetic acid/EDTA buffer (300 V, 60 1C for 6 h). The gels were stained for separated DNA fragments with ethidium bromide. The amplified PCR products were randomly sequenced to validate the genotyping assay. The MYPN mutation in codon 955 was confirmed by incubating the amplified PCR product with 3 U of the restriction enzyme MspI (New England Biolabs, Ipswich, MA, USA) for 4 h, leaving the 404-base pair (bp) PCR product of the mutant intact, while cleaving the wild-type C allele. The mutation in codon 961, which introduced a new cleavage site for BfaI, yielded additional 290-and 114-bp digestion fragments only if the mutation was present. Enzyme digests obtained from restriction fragment length polymorphism analyses were visualized on 2% agarose gels.
Sequence variations in the exons of the ANKRD1 gene were detected by means of single-strand conformational polymorphism (SSCP) analysis and didesoxy fingerprinting (ddF). For SSCP analysis, the PCR-amplified DNA products were heated to 95 1C for 5 min and quenched on ice to produce almost complete denaturation. Strand separation was achieved by loading 3 ml of each sample onto an 8% polyacrylamide gel. The running conditions of gel electrophoresis were adjusted as needed to give optimal separations for individual sequences. Usually, samples were run at 4 1C with a 250-V constant voltage for B7 h. Abnormal SSCP patterns were analyzed on an automated sequencer based on didesoxy chain termination (Seqlab, Göttingen, Germany). DdF was performed using radiolabeled didesoxy-ATP terminator and thermostable polymerase. Approximately 100-ng purified PCR product from each exon was reamplified for 30 cycles using the same parameters as above. After the samples had been mixed with the manufacturer's stop solution (Applied Biosystems, Carlsbad, CA, USA), a 4-ml aliquot was denatured for 5 min at 95 1C and immediately cooled on ice before electrophoresis through a 6%, 37.5:1 non-denaturing polyacrylamide gel. Autoradiography was performed on vacuum-dried gels by overnight exposure on Biomax MR films (Kodak, Rochester, NY, USA).
Identified mutations were confirmed by sequencing on an independent PCR product generated from a second blood sample taken at a later time point. Sequencing data including electropherograms were visualized using the Chromas software (version 2.33, Technelysium Pty, South Brisbane, QLD, Australia). Evidence in favor of a causative role of a mutation was derived from amino-acid substitution prediction programs, which considered the phylogenetic conservation of the affected amino-acid residue, such as Polymorphism Phenotyping (PolyPhen-2) and Mutation Taster. A novel missense mutation was assumed to be possibly disease-causing if the two programs independently indicated a damaging effect.
Immunohistochemical analysis
Subcellular localization of myopalladin and a-actinin in cardiomyocytes was analyzed using indirect immunofluorescence microscopy on endomyocardial biopsy samples. Cryosections obtained from DCM patients with (n ¼ 2) or without MYPN mutations (n ¼ 4) were blocked for 45 min in 25% fetal calf serum in phosphate-buffered saline (FCS/PBS) and then stained for 2 h at room temperature with either a polyclonal anti-rabbit antibody against myopalladin (a friendly gift from Dr Labeit, Mannheim, Germany) or a monoclonal antibody against a-actinin (purchased from Sigma, Taufkirchen, Germany) diluted 1:1000 in FCS/PBS. In control experiments, the primary antibody was omitted. After three washes in PBS, the samples were incubated with Cy3-conjugated secondary antibodies (Dianova, Hamburg, Germany) for 45 min followed by nuclear staining with Hoechst dye. Then samples were rinsed three times in PBS and finally mounted in fluorescence mounting medium (Southern Biotech, Birmingham, AL, USA). Images were captured by fluorescence microscopy performed on a Leica DM5000B microscope (Wetzlar, Germany) equipped with appropriate fluorescence filters. Images were obtained with a CCD camera and further processed with the Leica QWin software.
RESULTS
Baseline characteristics of the study cohort
Of the 255 study patients with DCM, 187 (73.3%) were male and 68 (26.7%) were female ( Table 2) . Occurrence was familial in 57 patients, but sporadic and non-familial in the other 198 cases. The mean age in the total study population was 50.2 years with a SD of 12.8 years. The mean LVEF at study inclusion was 29.6±8.4%. The echocardiographically measured, increased LVEDD at baseline in the total study cohort (67.7 ± 8.4 mm) was also observed in the two groups of familial and non-familial DCM patients. At follow-up 12 months after study recruitment, the parameters of the left-ventricular function had generally improved, as judged from an increase in the mean LVEF (39.5±12.7%) and a reduced LVEDD (64.3±9.4 mm), which was probably the consequence of adequate medical therapy. Again, there were no statistical differences in the improvement of left-ventricular function during follow-up between the two groups of sporadic and familial cases (for details, see Table 2 ).
Mutational analysis of the MYPN gene Screening of the human MYPN-coding sequence in the DCM patients led to the identification of numerous known SNPs (Table 3) . We, additionally, detected two novel heterozygous missense mutations in the MYPN gene, both of which were localized in exon 13, resulting in a prevalence of 0.8% (2/255). Each variant was independently confirmed by means of direct DNA sequencing as well as restriction fragment length polymorphism analysis using MspI and BfaI, respectively ( Figure 1 ). Neither of these missense mutations was found in the 300 healthy blood donors. A substitution of arginine by tryptophan at amino-acid position 955 (p.R955W) in the MYPN gene was found in a 44-year-old Caucasian male patient presenting with a reduced left-ventricular function (LVEF 24%, LVEDD 68 mm), whose mother had died of heart failure resulting from DCM (Figures 1a-c) . The software programs PolyPhen-2 and Mutation Taster predicated this point mutation to be damaging and disease-causing with probability scores above 0.96.
The second mutation (c.2882C4T) was located at amino-acid position 961 (Figures 1d-f) . The carrier of the p.P961L mutation was a 33-year-old Caucasian male patient, who showed a severely compromised left-ventricular systolic function with reduced LVEF (15%) and increased LVEDD (82 mm). As a maternal uncle of the index patient had died of heart failure, familial DCM was diagnosed. The proline to leucine exchange in this position was predicated by Mutation Taster to be disease-causing with a probability score of P40.999, and also PolyPhen-2 estimated its phenotypic consequence as damaging (P ¼ 0.978).
Immunohistochemical analysis of endomyocardial biopsies showed normal staining patterns for myopalladin and a-actinin in cardiac myocytes from the carrier of the p.R955W mutation as well as from four further, randomly chosen DCM patients (Figure 2 ). In contrast, the ordered subcellular assembly of these two cytoskeletal proteins was significantly altered in myocardial tissue samples from the p.P961L carrier. In this patient, the periodic localization of myopalladin and a-actinin along sarcomeres, observed in cardiomyocytes from other DCM patients, was no longer detectable. The abnormal distribution of myopalladin and its interacting partner a-actinin in the p.P961L carrier resulted in an altered cytoskeletal organization in cardiomyocytes with a severely disrupted sarcomeric architecture.
Detection of variations in the ANKRD1 gene
In the total study cohort, seven variations were detected in various intronic regions of the ANKRD1 gene. In two DCM patients, we identified a SNP, unreported so far, in exon 1 (c.-79C4T). Four different variations were found in intron 4, three of which were deletions of 16, 21, and 26 bps, respectively, and the fourth was a known base exchange in nucleotide position 2268 (rs56177217). SNP rs3839939 in intron 7 was detected in 35 patients and SNP rs3939 in exon 9 in 70 patients. In the entire coding sequence of the ANKRD1 gene, we identified only one rare synonymous SNP, which was a base exchange in exon 2 located in codon 36 (c.108T4C; rs145211719). The carrier of this heterozygous synonymous mutation was a 65-yearold male patient (Figure 3) . However, no disease-related mutation in the ANKRD1 gene was detected in the total study population.
DISCUSSION
As a number of missense mutations in genes encoding for titin and titin-associated proteins have recently been reported to be responsible for DCM, 3, [12] [13] [14] [15] [19] [20] [21] [22] [23] [24] [25] we searched in a well-characterized sample of DCM patients for unknown SNPs and/or mutations in the human MYPN and ANKRD1 genes. In order to extend our knowledge on disease-causing mutations in these two proteins expressed in heart tissue, we screened the coding sequences and corresponding intron flanks of the two genes and found two novel non-synonymous mutations in the MYPN gene and only one rare synonymous SNP in the coding region of the ANKRD1 gene. Interestingly, the identified two MYPN missense mutations were located in exon 13 and affected two highly conserved amino-acid residues in the third immunoglobulin-like domain. The argininyl residue 955 in human myopalladin is conserved in chimpanzee, rhesus monkey, mouse, chicken, and zebrafish, whereas glycyl is substituted for arginine in the cat and a lysyl residue is present in the equivalent position in Takifugu rubripes (Figure 4a) . The homologous proline 961 in the human myopalladin is even more conserved as it can be found in all vertebrate variants sequenced so far, suggesting an important role of this residue in the structural stability of the immunoglobulin-like fold and possibly also in protein-protein interactions. While crystallographic or NMR data on the folding of the third immunoglobulin-like domain of myopalladin are not yet available, 26 sequence similarity to the third immunoglobulin-like domain of palladin underlines the significance of a prolyl residue at this position for accurate domain folding (Figure 4b) .
Palladin, a member of the recently discovered palladin/myotilin/ myopalladin family of actin-and a-actinin-binding proteins, shares many features in common with myopalladin such as a periodic distribution along microfilaments. [27] [28] [29] [30] [31] The largest palladin isoform, with a molecular weight of B200 kDa, has a similar domain arrangement as demonstrated for myopalladin with two amino-terminal and three carboxy-terminal immunoglobulin-like domains. 31 Remarkably, the sequence motif 961 PVTFTC 966 in the third immunoglobulin-like domain of myopalladin is identical to the amino-acid sequence 1017-1021 in the corresponding palladin domain, for which structural data have recently been reported (PDB 2DM2). The available high-resolution NMR structure of the third immunoglobulin-like domain of palladin suggests that proline 1017 is required for the overall folding of a hallmark b-sheet by allowing the formation of backbone hydrogen bonds between neighboring anti-parallel b-strands. 31 From this structural observation, we assume that substituting this amino-acid residue may critically disturb the characteristic 'sandwich' structure of this domain, resulting in altered binding properties of the entire domain (Figure 4c ). Two independent computer programs predicted the phenotypic consequences of an amino-acid exchange at this position as disease-causing with high probability scores. In line with these calculations, the carrier of the p.P961L mutation, a 33-year-old male patient, suffered from symptoms of heart failure, and his medical examination showed a severely reduced left-ventricular systolic function, which was interpreted as a characteristic sign of early-onset DCM.
As the functional significance of these genetic variations is currently unknown, we performed a histological analysis on left-ventricular endomyocardial biopsies. These immunofluorescence studies on the subcellular localization of myopalladin and a-actinin confirmed the critical role of proline 961 in sarcomere organization. The periodic distribution of the two proteins in cardiac myocytes was significantly disrupted in endomyocardial biopsy samples obtained from the carrier of the p.P961L mutation, while the sarcomeric architecture was preserved in the patient carrying the p.R955W mutation and four other DCM patients used as controls. This observation demonstrates that the third immunoglobulin-like domain of myopalladin is required for its incorporation into the sarcomeric structure and that proline 961 has a key role in this process.
In their recently published study, Purevjav et al 15 reported on a p.F954L mutation in a 17-year-old Caucasian female patient with DCM, in whom the disease-causing amino-acid exchange was only one single codon upstream of our mutation. Furthermore, the authors described a p.R955Q mutation in normal controls (rs149887823). Compared with the p.P961L mutation, a nucleotide exchange in codon 955 appears to be less critical for the cardiac function of myopalladin, as the replacement of arginine by glutamine was identified in subjects with normal left-ventricular dimensions at the time of study enrollment. Nevertheless, assessment of the impact of the p.R955W mutation, and also of p.R955Q, predicted damaging effects on the phenotypic level suggestive of disease induction. The presence of an aromatic side chain instead of a positively charged arginine residue as in the wild-type protein most probably affects the gross topology of this domain.
Interestingly, the first three missense mutations in the MYPN gene, which had been described in DCM patients, were located in the fourth and fifth immunoglobulin-like domains. 3 The p.R1088H mutation reported in a case of familial DCM is located only one residue, amino-terminally, in the homologous fourth immunoglobulin-like domain as aligned to the corresponding position in the third domain, in which we detected our point mutation p.P961L. 31 Duboscq-Bidot et al 3 have shown that the p.R1088H mutation resulted in a decreased localization of myopalladin to the Z-band area of the left-ventricular cardiac myofibrils, similar to that which we found in the heart tissue from the p.P961L mutation carrier. The other two myopalladin mutations identified by these authors (p.P1112L and p.V1195M) led to sarcomere disorganization and premature cell death in cultured rat neonate cardiomyocytes transfected with the corresponding mutant expression vectors. 3 Recently, four other point mutations have been detected exclusively in DCM patients (p.I213V, p.Y339F, p.A611T, and p.A882T), and only one of these mutations (p.Y339F) was predicted as damaging. 15 The p.Y20C variant reported by these authors was not restricted to DCM patients as it was also found in a patient with hypertrophic cardiomyopathy. Moreover, transgenic mice with cardiac-restricted overexpression of p.Y20C mutant showed disrupted intercalated disks and developed hypertrophic cardiomyopathy. 15 It would provide strong evidence for the pathological role of the MYPN mutations identified in our study if knock-in mouse models with the corresponding substitution mutations of the homologous amino acids were to develop DCM.
In contrast to the MYPN gene, we found no mutations and only one synonymous SNP in the CARP-encoding ANKRD1 gene. The low prevalence of mutations in the coding sequence of the ANKRD1 gene reported in this study population was unexpected as a recently published genetic investigation found five missense mutations in 231 independent cases of familial DCM. 12 However, our sample was clinically more heterogeneous as suggested from a higher percentage of non-familial cases compared with the previous study. Thus, further studies in DCM patients with greater sample sizes will have to be conducted in order to extend the genetic and epidemiological analysis of CARP mutations.
Although we are confident that all blood donors from our local Blood Transfusion Service used as healthy controls were free of disease as assessed by medical examination, we do not have valid information about their ethnic background. Thus, we cannot entirely exclude the possibility that our observation might have been affected by an artefact caused by ethnic inhomogeneity. However, from the genotyping of candidate genes, we have confirmed that the allelic distribution of known SNPs in our control sample closely resembles those reported in other European populations and substantially deviates from non-European samples. Furthermore, the low number of immigrants from non-European countries in the rural geographical area of Marburg suggests that there is, if any, only a negligible selection bias between cases and controls.
In summary, in this study we confirm the disease-associated role of the titin-and a-actinin-binding protein myopalladin in the pathogenesis of DCM and identify novel missense mutations located in conserved regions within the third immunoglobulin-like domain. Histological evidence of disrupted sarcomere organization in heart tissue and structural considerations underline the importance of this domain and, in particular, key residues within this domain, for protein-protein interactions in cardiomyocytes. The frequency of CARP mutations encoded by the ANKRD1 gene was lower than in its binding partner myopalladin, pointing to the clinical significance of myopalladin for the functional integrity of the sarcomeric apparatus and the protection against DCM.
